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HIGHLIGHTS 


•  The  Li  diffusivities  of  LixNiyMnyCoi_2y02  increase  with  increasing  Co  amount. 

•  LixNio.33Mno.33Coo.33O2  shows  higher  electronic  conductivity  than  LixNio.5Mno.5O2. 

•  The  rate  performance  were  understood  in  terms  of  diffusivity  and  conductivity. 
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This  work  attempts  to  understand  the  rate  capability  of  layered  transition  metal  oxides  LiNiyMnyCoi_2y02 
(0.33  <  y  <  0.5).  The  rate  capability  of  LiNiyMnyCoi_2y02  increase  with  increasing  Co  in  the  compounds 
and  with  increasing  amount  of  carbon  additives  in  the  electrodes.  The  lithium  diffusion  coefficients  and 
electronic  conductivities  of  LixNiyMnyCoi_2y02  are  investigated  and  compared.  The  333  compound  has 
higher  diffusivity  and  electronic  conductivity  and  thus  better  rate  performance  than  550.  Chemical 
diffusion  coefficients  for  both  delithiation  and  lithiation  of  LixNiyMnyCoi_2y02  investigated  by  GITT  and 
PITT  experiments  are  calculated  to  be  around  10-10  cm* 1 2 3  s_1,  lower  than  that  of  LixCo02.  The  electronic 
conductivity  of  LixNiyMnyCoi_2y02  is  inferior  compared  to  LixCo02  at  same  temperature  and  delithiation 
stage.  However,  the  LixNiyMnyCoi_2y02  are  able  to  deliver  55%-80%  of  theoretical  capacity  at  5  C  with 
good  electronic  wiring  in  the  composite  electrode  that  make  them  very  promising  candidates  for  electric 
propulsion  in  terms  of  rate  capability. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  landmark  cathode  material  TiS2  for  the  first  generation  of 
rechargeable  lithium-ion  battery  shows  excellent  high-rate  per¬ 
formance  even  from  today's  point  of  view.  In  contrast  to  most 
current  composite  electrodes  with  conductive  carbon  additives, 
better  rate  performance  was  obtained  in  the  carbon-free  TiS2 
electrode  1,2  .  This  is  largely  attributed  to  the  intrinsically  high 
diffusivity  (10-8  cm2  s-1)  [3]  and  metal-like  electronic  conductivity 
of  TiS2  (5  x  102  S  cm-1  at  around  room  temperature)  [4].  The  lack  of 
high  power-capability  is  one  of  the  limiting  factors  for  large-scale 
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application  of  lithium  ion  batteries  for  electric  propulsion  or  grid 
ancillary  service  like  frequency  regulations  [5-8].  Therefore,  the 
rate  performance  becomes  one  of  the  essential  material  selection 
criteria  for  lithium  ion  battery  electrode  materials.  Enhanced  rate 
capability  may  be  achieved  through  improved  lithium  diffusivity 
[9]  or  improved  intrinsic  electronic  conductivity  [10,11  of  the 
electrode  materials.  In  a  recent  publication  [12  ,  Ban  et  al.  have 
successfully  improved  the  rate  performance  and  cycle  life  of 
LiNio.4Mno.4Coo.2O2  to  a  surprising  level  via  using  Single-Wall  Car¬ 
bon  Nanotubes  (SWCNTs)  as  electronic  wiring  medium,  which 
again  stresses  the  important  role  of  the  electronic  conductivity  in 
the  composite  electrode  [13,14]. 

Mixed  transition  metal  oxides  LiNiyMnyCoi_2y02  (0.33  <y  <  0.5, 
abbreviated  as  NMC)  have  been  studied  as  possible  alternatives  to 
LiCo02  in  terms  of  cost,  toxicity  and  thermal  stability.  They  also 
show  better  rate  performance,  thermal  stability  and  cycle  life  than 
high  capacity  Li-rich  oxides,  i.e.,  Lii+zMi_z02  (M  is  transition  metal) 
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[15].  The  comparison  of  capacity,  rate  capability  and  cycle  life  for 
NMC  has  been  investigated  in  previous  studies  16-21  .  Here  we 
report  a  comparative  study  of  the  rate  capability  of  LiNiyMnyCoi_ 
_2y02  for  0.33  <  y  <  0.5,  where  y  =  0.5  is  called  550,  y  =  0.45,  992, 
y  =  0.4,  442  and  y  =  0.33,  333.  This  study  determined  the  lithium 
diffusivity  for  both  delithiation  and  lithiation  process  and  the 
electronic  conductivity  as  a  function  of  lithium  content. 

2.  Experiment 

The  LiNiyMnyCoi_2y02  (0.33  <  y  <  0.5)  was  synthesized  by  the 
co-precipitation  method  followed  by  solid-state  reaction  at  800  °C 
as  described  earlier  [16-18  .  Samples  for  electronic  conductivity 
measurements  were  prepared  by  pressing  the  450  °C  decomposed 
precursors  into  dense  disk-shape  pellets  (10  mm  diameter,  1  mm 
thickness)  and  sintering  at  1100  °C  (for  550)  and  1000  °C  (for  333) 
to  ensure  strength  and  density  for  the  conductivity  test.  In  order  to 
delithiate  the  pellet,  gold  was  sputtered  on  one  side  which  served 
as  a  current  collector  to  assemble  a  Swagelock™  cell,  using  lithium 
foil  as  anode.  The  cells  were  galvanostatically  charged  at 
50  pA  cm”2  to  the  desired  lithium  content  and  relaxed  for  at  least  3 
days  at  zero  current  to  gain  homogeneity  before  being  dis¬ 
assembled  in  the  glove  box. 

Electrochemical  properties  were  tested  in  2325-type  coin  cells 
using  Biologic  VMP  or  VMP2  multichannel  potentiostats.  The 
cathode  paste  was  made  by  mixing  80  wt%  active  material  with 
10  wt%  carbon  black  and  10  wt%  PVDF  (poly(vinylidene  fluoride))  in 
NMP  (l-methyl-2-pyrrolidinone),  unless  specified  otherwise.  The 
loading  of  active  material  was  around  6  mg  cm-2.  To  determine  the 
impact  of  the  carbon  content,  cathode  pastes  were  also  made  with 
30  wt%  carbon  black  and  10  wt%  PVDF  with  similar  loadings  of 
active  material.  The  homogeneous  paste  was  cast  on  aluminum  foil 
then  dried  at  90  °C  overnight  in  a  vacuum  oven.  The  electrolyte 
used  was  1  M  LiPF6  (lithium  hexafluorophosphate)  in  a  1:1  volume 
ratio  mixture  of  DMC  (dimethyl  carbonate)  and  EC  (ethylene  car¬ 
bonate)  from  Novolyte,  USA.  The  coin  cells  were  assembled  in  a 
helium-filled  glove  box.  The  cells  were  charged  at  0.1  C  to  4.3  V, 
then  held  at  4.3  V  for  6  h  before  being  discharged  at  different 
current  rates. 

The  lithium  chemical  diffusion  coefficient  of  LiNiyMnyCoi_2y02 
(0.33  <  y  <  0.5)  was  measured  using  the  well-established  Galva- 
nostatic  Intermittent  Titration  Technique  (GITT)  method  on  coin 
cells  22—25].  The  cells  were  charged  or  discharged  at  100  pA  cm”2 


Fig.  1.  The  Ragone  plot  of  333  and  550  using  different  amount  of  carbon  black,  10  wt% 
and  30  wt%.  The  C  rate  is  equivalent  to  1  mA  cm  2  All  electrodes  herein  have  a  loading 
of  active  material  around  6  mg  cm-2. 


for  1  h  then  relaxed  for  5  h  following  each  pulse.  The  details  of  the 
calculation  will  be  discussed  later  in  this  paper.  The  Potentiostatic 
Intermittent  Titration  Technique  (PITT)  was  also  used  to  investigate 
the  lithium  transport  kinetics  [26-28].  In  the  PITT  measurements, 


x  in  Li,  Ni  Mn  Co,  „  CL 

\-x  y  y  1-2 y  2 


x  in  Li  Ni  Mn  Co  „  CL 
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Fig.  3.  The  chemical  diffusion  coefficient  DGnrof  (a)  delithiation  and  (b)  lithiation  for 
LixNiyMnyCoi_2y02. 
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the  cell  voltage  was  raised  in  20  mV  increments  up  to  4.4  V  and 
then  lowered  in  20  mV  increments.  Each  voltage  step  was  termi¬ 
nated  when  either  the  current  decayed  to  a  C/100  rate  or  after 
holding  at  constant  voltage  for  more  than  5  h. 

The  temperature-dependent  electronic  conductivity  of  the 
pristine  and  delithiated  pellets  was  measured  using  a  Quantum 
Design  Physical  Property  Measurement  System  (PPMS).  The  tem¬ 
perature  ranged  from  room  temperature  down  to  the  temperature 
at  which  the  resistance  exceeded  the  measurable  limit  of  the  PPMS. 
For  550,  the  data  were  collected  only  from  300  K  to  330  K  due  to  the 
low  conductivity.  The  as-obtained  disk-shape  samples  were  pol¬ 
ished,  cut  into  bar-shape  (6-8  mm  long  with  around  0.6-0.8  mm2 
cross-sectional  area),  and  mounted  on  the  specialized  pucks  of  the 
PPMS.  Two  silver  wires  were  affixed  to  the  two  smallest  end  faces 
using  silver  paste.  The  experiments  were  performed  in  a  pure  he¬ 
lium  atmosphere. 

The  X-Ray  Diffraction  (XRD)  patterns  were  obtained  using  a 
Scintag  XDS2000  6—6  diffractometer  equipped  with  a  Cu-I<a  radi¬ 
ation  and  a  Ge(Li)  solid  state  detector.  The  Rietveld  refinement  was 
done  by  using  GSAS/EXPGUI  package  [29,30].  The  morphology  of 
the  samples  was  examined  by  Scanning  Electron  Microscopy  (EVO 
50  variable  pressure  SEM,  Zeiss). 

3.  Results  and  discussion 

All  the  synthesized  materials  at  800  °C  were  shown  to  be  single 
phase  by  x-ray  diffraction  with  the  following  lattice  parameters: 
550,  a  =  2.892  A,  c  =  14.30  A;  992,  a  =  2.882  A,  c  =  14.29  A;  442, 
a  =  2.874  A,  c  =  14.27  A;  333,  a  =  2.863  A,  c  =  14.25  A.  For  550 
synthesized  at  1100  °C,  a  =  2.888  A,  c  =  14.30  A;  333  synthesized  at 
1000  °C,  a  =  2.857  A,  c  =  14.23  A.  These  are  consistent  with  our 
previously  published  data  [17  ,  and  the  data  by  Dahn  [31  and 
Ohzuku  [32,33  . 


3.1.  Electrochemical  behavior 

Unlike  TiS2,  for  electrochemical  tests  of  LiNiyMnyCoi_2y02,  it  is 
necessary  to  enhance  the  electronic  conductivity  of  cathode  com¬ 
posite  electrodes,  because  the  intrinsic  conductivity  of  most  cath¬ 
ode  materials  is  much  too  low  to  allow  them  to  be  used  alone. 
Typically  carbon  black  is  added  to  the  active  material  together  with 
a  binder  to  hold  the  composite  together.  Fig.  1  shows  the  Ragone 
plots  for  discharge  of  the  333  and  550  compositions  for  carbon 
contents  of  10  and  30  wt%.  For  both  compositions  the  rate  capa¬ 
bility  increases  as  the  carbon  content  increases,  suggesting  that  the 
electronic  conductivity  may  be  limiting.  Even  though  the  550 
composition  has  smaller  average  particle  size  of  50  nm,  compared 
to  the  100  nm  of  the  333  composition,  it  has  lower  capacity  at  the 
rates  exceeding  C/10. 

3.2.  Lithium  diffusion 

Both  GITT  and  PITT  techniques  were  used  to  determine  the 
chemical  diffusion  coefficient,  in  order  to  understand  the  rela¬ 
tionship  between  the  observed  rate  capability  and  lithium  diffusion 
rate.  Even  though  chemical  diffusion  coefficients  of  the  LixNiyM- 
nyCoi_2y02  compounds  during  charge  (delithiation)  have  been  re¬ 
ported  [23-25  ,  there  is  not  much  research  on  chemical  diffusion 
coefficient  during  discharge  (lithiation).  Moreover,  this  is  the  first 
attempt  to  quantitatively  compare  the  lithium  diffusion  kinetics  of 
LixNiyMnyCoi_2y02  as  a  function  of  increasing  y.  The  well-studied 
LixCo02  is  a  two-phase  reaction  in  the  range  of  0.75  <  x  <  0.93  as 
lithium  is  extracted,  then  becomes  one-phase  diffusion-only  reac¬ 
tion  for  0.5  <  x  <  0.75  [27,28  .  The  symmetrical  charge/discharge 
voltage  profile  of  LixCo02  between  3.0  V  and  4.1  V  shows  less  than 
5  mV  zero  current  voltage  gap  14]  and  very  small  first  cycle  irre¬ 
versible  capacity.  The  diffusion  coefficients  for  charge  and 


Time  (h) 


Fig.  4.  The  voltage  steps  V(t)  and  corresponding  current  decay  /(t)  under  each  constant  voltage  for  442  upon  (a)  delithiation  and  (b)  lithiation.  DPirr  with  respect  to  L 2  for  442  were 
calculated  upon  (c)  delithiation  and  (d)  lithiation. 
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discharge  by  PITT  method  are  very  close  [27,28].  In  contrast,  Lix_ 
NiyMnyCoi_2y02  is  a  single  phase  reaction  observed  in  both  the 
continuous  OCV  profile  [3,17]  and  the  PITT  current  decay  mode  in 
the  range  0.3  <  x  <  1.  Any  phase  transition,  such  as  to  the  one  block 
structure  of  C0O2,  only  happens  at  high  voltage,  i.e.  for  x  <  0.3 
[25,34]  and  then  only  for  the  higher  cobalt  contents,  such  as  333, 
where  there  are  no  interlayer  Ni  pinning  ions.  Additionally,  NMC 
electrodes  show  a  significant  first-cycle  irreversible  capacity. 
Therefore,  different  variation  trends  of  chemical  diffusion  co¬ 
efficients  will  be  expected  during  charging  and  discharging  Lix_ 
NiyMnyCoi_2y02  electrodes. 

For  the  one-phase  reaction,  GITT  measurement  is  very  effective 
to  determine  the  chemical  diffusion  coefficients.  Fig.  2  shows  the 
typical  GITT  curve  of  333  for  both  charging  and  discharging.  By 
applying  Fields  second  law  to  the  diffusion  system,  the  chemical 
diffusion  coefficient  in  experimentally  measurable  form  (Eq.  (1)) 
can  be  obtained  from  the  derived  surface  concentration  with 
certain  simplifying  assumptions  [25]: 


DGitt 


4  (mBVm\2  (&ES\2 
7tt  V  MbS  )  \A£Ty 


t«cL2 /Dgitt 
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where  r  is  the  current  pulse  duration,  mB  is  the  mass  of  the  active 
material,  Vm  and  MB  are  the  crystallographic  molar  volume  and  the 
molecular  weight  of  the  compound,  S  is  the  geometric  area  of 
interface  between  electrode  and  electrolyte,  L  is  the  diffusion 
length,  A£t  and  A Es  are  the  transient  voltage  change  during  current 
pulse  and  the  steady  voltage  change  shown  in  the  inset  graph  of 
Fig.  2.  The  units  for  r,  mB,  Vm,  MB,  S,  AFT  and  A Fs  are  s,  g,  cm3  mol”1, 
g  mol-1,  cm2,  V  and  V,  respectively.  In  these  studies  we  used  for  the 
value  of  S,  the  geometric  area  of  the  cell,  1.2  cm2;  the  other  extreme 
is  to  use  the  powder  surface  area  as  measured  for  example  by  the 
BET  method.  The  true  value  is  somewhere  in  between  and  depends 
on  the  value  of  D;  the  trends  will  be  the  same  irrespective  of  the 
model  used.  In  this  model,  the  second  term  mBUm/MBS  is  the 
diffusion  length  L  (geometric  thickness  of  the  electrode)  for  the 
dense  electrode.  For  the  porous  composite  electrode,  neither 
diffusion  length  nor  interface  area  is  straightforward  to  estimate 
due  to  the  porosity  and  the  penetration  of  the  electrolyte.  However, 
the  recently  confirmed  “sequential  particle-by-particle  charging/ 
discharging”  electrochemical  process  14]  makes  total  volume  of 
the  active  materials  over  geometric  electrode  surface  area  a 
reasonable  estimation  of  diffusion  length. 

Fig.  3a  plots  the  chemical  diffusion  coefficient  Dgitt  of  Lix_ 
NiyMnyCoi_2y02  as  a  function  of  x  for  lithium  removal.  The  Dgitt 
values  decrease  upon  the  initial  stages  of  lithiation  and  reach 
minima  when  about  0.3  Li  is  removed.  Then  the  Dgitt  values  in¬ 
crease  until  maxima  are  reached.  This  feature  of  Dgitt  variation  has 
been  reported  before  [26-28].  The  comparison  shows  that  the 
lithium  removal  diffusivity  for  LixNiyMnyCoi_2y02  follows  the  or¬ 
der:  333  >  442  >  992  >  550,  which  is  consistent  with  the  increase  of 
Li/Ni  exchange  [17].  The  degree  of  Li/Ni  exchange  induces  the  dif¬ 
ference  in  lithium  diffusivity,  which  thereby  affects  the  rate  capa¬ 
bility  for  this  series  of  compounds  [17].  Fig.  3b  displays  the  Dgitt 
values  of  lithiation,  where  the  composition  trend  is  different  from 
that  of  delithiation  but  resembles  the  trend  of  chemical  diffusion 
coefficient  for  NaxTaS2  [3  .  The  lithiation  Dgitt  for  LixNiyMnyCoi_ 
_2y02  are  around  10-10  cm2  s-1,  lower  than  that  for  LixCo02 
(10-9  cm2  s-1)  and  LixTiS2  (10-8  cm2  s-1).  As  more  lithium  ions  are 
inserted  into  the  compound,  the  lithiation  Dgitt  decreases  due  to 
fewer  vacancies  in  host  structure  available  for  further  lithium  ions. 

The  PITT  measurements  on  LiNiyMnyCoi_2y02  in  Fig.  4a  and  b 
show  the  voltage  steps  V(t)  and  corresponding  current  decay  /(t) 
under  each  constant  voltage  for  442  upon  charge  and  discharge, 


respectively.  LiNiyMnyCoi_2y02  compounds  with  other  composi¬ 
tions  show  a  current  decay  mode  similar  to  442.  All  the  current 
relaxation  curves  show  diffusion-limited  behavior  without  phase- 
transition-limited  process.  This  confirms  the  diffusion-only  one- 
phase  reaction  without  two-phase  coexistence.  Again,  the  different 
variation  features  were  observed  for  charge  and  discharge  process. 
From  the  /(t)  curve,  the  extent  of  current  decay  decreases  and  then 
increases  during  voltage  step  increments  while  monotonously 
decreasing  during  voltage  step  decrements.  At  certain  voltage 
steps,  the  transport  coefficient  can  be  extracted  from  the  corre¬ 
sponding  J(t)  curve  using  well-established  Cottrell's  diffusion-only 
model  for  the  current  decay  [26,35-37]: 


Fig.  5.  The  SEM  morphology  of  (a)  1000  °C  sintered  333  (b)  1100  °C  sintered  550  and 
(c)  1000  °C  sintered  550. 
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1{t)  =  td/a  TD  =  l2/Dp,tt’  a  =  R°/Rext  (2) 

where  AQ.  is  the  total  amount  of  charge  transferred  after  a  single 
PITT  increment,  rD  is  the  characteristic  diffusion  time,  L  is  the 
diffusion  length,  DP mr  is  the  chemical  diffusion  coefficient  derived 
from  PITT  measurement,  A  is  the  ratio  of  the  diffusion  resistance  Rd 
to  the  external  resistance  Rex t.  The  units  for  /( t),  AQ,  rD,  Rd,  ^ext  and  t 
are  mA,  mA  s,  s,  Q  and  Q,  respectively,  td  can  be  derived  from  the 
intercept  of  a  linear  regression  on  a  plot  of  1  /(I(t)Vt)  vs.  1  /Vt  based 
on  Eq.  (2).  The  Dpm  then  can  be  expressed  as  L2/rD.  Fig.  5c  and 
d  show  the  DPn r  with  respect  to  L2  for  442  upon  delithiation  and 
lithiation.  The  non-cottrellian  diffusion  data  points  (no  obvious 
linear  region  in  1  vs.  1  /y/t  plot)  at  the  beginning  and  at  the 

higher  voltage  steps  in  PITT  were  not  included  in  this  DPn t  plots, 
which  are  possibly  due  to  the  surface  reaction  at  the  beginning  and 
the  electrolyte  decomposition  at  voltages  above  4.3  V  respectively. 
However,  the  results  obtained  from  PITT  plots  nicely  match  the 
results  based  on  GITT.  First  of  all,  the  variation  of  DPnT  with  respect 
to  voltage  between  charge  and  discharge  are  very  similar  to  that 
observed  in  the  GITT  experiment.  The  minimum  region  DP nr  plots 
(Fig.  4c)  matches  the  range  of  0.6  <  x  <  0.8  in  LixNio.4Mno.4Coo.2O2, 
according  to  the  OCV  profile  of  442  (Fig.  4c  inset  graph).  Thus,  the 


minima  values  of  DPn r  are  also  obtained  in  the  delitation  range  of 
0.6  <  x  <  0.8,  the  same  as  that  in  the  Dgitt  plots.  In  addition, 
assuming  the  diffusion  length  to  be  the  thickness  of  the  electrode 
(around  10  pm),  the  DPn r  is  around  10-10  cm2  s_1,  which  is  the  same 
magnitude  as  Dgitt  of  442. 

3.3.  Electronic  conductivity 

The  preparation  of  samples  for  electronic  conductivity  mea¬ 
surements  is  a  nontrivial  process  as  the  lithium  content,  structure, 
density  and  porosity  are  all  expected  to  have  an  effect.  To  obtain 
similar  pellet  density  for  550  and  333,  we  have  investigated  the 
temperature  influence  on  the  pellet  density.  At  the  same  sintering 
temperature  of  1000  °C,  550  pellet  is  composed  of  much  smaller 
particles  and  larger  pores  than  those  of  333  pellet,  as  shown  in 
Fig.  5a  and  c.  However,  the  similar  average  particle  size  and  porosity 
have  been  obtained  when  using  1000  °C  sintered  333  pellet  and  the 
1100  °C  sintered  550  pellet,  as  indicated  in  Fig.  5a  and  b.  The  pellet 
densities  for  1000  °C  sintered  333  and  1100  °C  sintered  550  are 
3.89  g  cm  3  and  3.95  g  cm  3,  respectively.  In  addition  to  making  the 
pellets  with  similar  densities,  we  should  also  have  a  good  control  of 
the  lithium  concentration  in  LixNiyMnyCoi_2y02.  The  OCV  of  the 
LixNio.33Mno.33Coo.33O2  and  LixNio.5Mno.5O2  pellets  in  the  electro¬ 
chemical  cells  accord  well  with  the  reported  OCV  vs.  x  profile  17]. 


Fig.  6.  XRD  pattern  of  (a)  Li1_xNio.33Mno.33Coo.33O2  (x  =  0,  0.2,  0.3,  0.45,  0.6)  and  (b) 
LixNio.5Mno.5O2  (x  =  1,  0.2,  0.3,  0.4,  0.6). 
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Fig.  7.  The  summarized  lattice  parameter  (a)  a  and  (b)  c  variation  calculated  from  XRD 
pattern  with  the  comparison  of  lattice  parameters  by  Ohzuku  [27,28  j. 
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The  XRD  patterns  of  the  delithiated  550  and  333  pellets  show  no 
obvious  impurity  peaks,  as  displayed  in  Fig.  6a,  b.  The  lattice 
parameter  variation  for  the  pellets,  as  shown  in  Fig.  7a  and  b, 
matches  very  well  with  the  powder  samples  reported  by  Ohzuku 
[32,33].  It  confirms  that  the  targeted  lithium  concentrations  in 
these  samples  have  been  successfully  achieved. 

Fig.  8a  and  b  shows  the  temperature  dependence  of  conductivity 
of  LixNio.33Mno.33Coo.33O2  and  LixNio.5Mno.5O2.  In  each  group  of 
data,  the  conductivity  increase  and  activation  energy  decrease  with 
decreasing  x.  There  is  no  transition  to  metal-like  conductivity  as  in 
LixCo02  or  cobalt-rich  LixNiyCoi_y02  and  both  materials  show 
inferior  electronic  conductivity  compared  to  LixCo02  or  cobalt-rich 
LixNiyCo!_y02  at  same  temperature  and  delithiation  stage  [38-40]. 
Comparing  LixNio.33Mno.33Coo.33O2  and  LixNio.5Mno.5O2,  Ux. 
Nio.33Mno.33Coo.33O2  shows  an  order  of  magnitude  higher  conduc¬ 
tivity  than  LixNio.5Mno.5O2  for  the  similar  x  value,  which  may  largely 
contribute  to  the  better  rate  capability  for  333  compared  to  550. 

Within  the  measured  temperature  range,  the  log( a)  vs.  1/T  has 
good  linear  relationship,  where  a  is  the  conductivity,  T  is  the  tem¬ 
perature.  The  activation  energy  of  each  sample  was  calculated  by 
using  Arrhenius  equation  a  =  o-0e~£a/kT,  where  00  is  a  constant,  Ea  is 
the  activation  energy,  and  k  is  the  Boltzmann  constant.  This 
measured  activation  energy  of  LiNio.33Mno.33Coo.33O2  and 
Lio.33Nio.33Mno.33Coo.33O2  is  consistent  with  the  calculated  half  band 


Fig.  8.  The  temperature  dependence  of  conductivity  of  (a)  Li1_xNio.33Mno.33Coo.33O2 
and  (b)  LiT_xNio.5Mno.5O2. 


gap  by  Ceder's  group  (around  0.3  eV  and  0.2  eV  for  LiNio.33Mno.33- 
C00.33O2  and  Lio.33Nio.33Mno.33Coo.33O2  respectively)  [41  .  The 
shrinkage  of  the  band  gap  may  explain  the  decreased  activation 
energy  of  electrons,  which  possibly  increase  electronic  conductivity. 
However,  this  does  not  exclude  the  small  polaron  conduction 
mechanism  that  is  normally  observed  in  nickel-rich  LixNiyCc>i_y02 
[42],  where  the  activation  energy  is  not  directly  related  to  band  gap 
but  the  electronic  migration  barrier  and  the  binding  energy  between 
the  lithium  ions  and  the  electrons.  The  major  charge  carrier  and 
exact  conduction  mechanism  are  still  unclear  and  oxygen  involve¬ 
ment  in  the  charge  compensation  as  delithiation  further  compli¬ 
cates  the  conductivity  interpretation  [43,44  . 

4.  Conclusions 

The  lithium  diffusivity  and  electronic  conductivity  for  the  series 
LixNiyMnyCoi_2y02  compounds  have  been  investigated,  in  order  to 
better  understand  the  relationship  between  intrinsic  properties 
and  rate  capability.  We  conclude  that  both  intrinsic  factors  influ¬ 
ence  the  rate  performance.  The  333  compound  has  higher  diffu¬ 
sivity  and  electronic  conductivity  and  thus  better  rate  performance 
than  550.  Chemical  diffusion  coefficients  for  both  delithiation  and 
lithiation  of  LixNiyMnyCoi_2y02  investigated  by  GITT  and  PITT  ex¬ 
periments  are  calculated  to  be  around  1CT10  cm2  s_1,  lower  than 
that  ofLixCo02.  The  electronic  conductivity  of  LixNiyMnyCoi_2y02  is 
inferior  that  of  LixCo02  at  same  temperature  and  delithiation  stage. 
However,  the  LixNiyMnyCoi_2y02  are  able  to  deliver  55%-80%  of 
theoretical  capacity  at  5  C  with  good  electronic  wiring  in  the 
composite  electrode  and  make  them  very  promising  candidates  for 
electric  propulsion  in  terms  of  rate  capability. 
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